We demonstrate strain-induced coupling between a hole spin in a quantum dot and mechanical motion of a cantilever. The optical transitions of quantum dots integrated into GaAs mechanical resonators are measured synchronously with the motion of the driven resonators. In a Voigt magnetic field, both electron and hole spin splittings are measured, showing negligible change for the electron spin but a large change for the hole spin of up to 36%. This large effect is attributed to the stronger spin orbit interaction of holes compared to electrons.
Coupling a quantum system to a mechanical resonator is of strong practical and fundamental interest. The coherent quantum states can be very sensitive to mechanical motion, making it possible to sense motion down to the quantum limit. Conversely, mechanical motion may then be sensitive to the quantum states. By manipulating the quantum state, motion can be induced, suppressed, or even put in nonclassical states [1] [2] [3] . This hybrid system can then be used for quantum sensing [4] , for coupling multiple quantum systems [5, 6] , or to investigate motion at the quantum limit [7] .
Producing a large coupling between the quantum system and mechanical resonator is of great importance to achieving these goals [8, 9] . In solid state systems, an elegant approach is to embed the quantum system into the mechanical resonator, with coupling through strain [9] [10] [11] [12] [13] [14] [15] [16] [17] . Semiconductor quantum dots (QDs) are strongly affected by strain, with a number of reports demonstrating that their optical properties can be fine-tuned through strain, primarily with static strain applied with piezoelectric actuators [18] [19] [20] [21] [22] [23] [24] . Coupling QDs to dynamic strain in a mechanical resonator opens up many new opportunities. Several recent demonstrations have focused on coupling mechanical resonators to the optical transitions of QDs [14] [15] [16] [17] , which have coherence times less than 1 ns, limiting their use as a quantum system. Resident electron or hole spins can have much longer coherence times of over 1 μs, but there is almost no experimental work to determine the coupling strength of spin to strain. In one study, the effects of static strain on the spin of an electron-hole pair (exciton) were measured [24] , but because that study was done in the Faraday geometry, the electron and hole contributions could not be experimentally separated.
In this Letter, we perform measurements of spinmechanical coupling in semiconductor quantum dots. These InGaAs quantum dots are integrated into GaAs cantilever structures with charge injection, and a magnetic field is applied perpendicular to the growth axis (Voigt geometry). In this geometry, the Zeeman splitting of both the electron and hole can be measured separately. As the mechanical resonance is optically driven, high resolution photoluminescence (PL) is measured synchronously with the mechanical drive, determining the strain-induced changes in the Zeeman splittings as a function of time. We find negligible effect on the electron spin splittings but a rather large effect on the hole spin splittings. These results are consistent with our atomistic calculations of spin-strain couplings. The larger spin-orbit coupling of holes tends to orient the spin along the strongly confined growth direction of the QD, resulting in a small Zeeman splitting for Voigt fields [25] that is quite sensitive to the geometry, composition, and alloy configuration of the QD. Strain changes the degree to which the hole spin is locked to the growth direction and results in large relative changes in the Zeeman splitting. This large coupling, combined with the longer coherence time of hole spins [26] [27] [28] [29] , make it a promising hybrid spin-mechanical system.
The InGaAs QDs are grown by molecular beam epitaxy on a GaAs substrate, with a 950 nm sacrificial layer of Al 0.7 Ga 0.3 As grown first, followed by 60 nm of GaAs, a layer of InGaAs QDs, and 120 nm of GaAs. Contacted doped layers above and below the QDs allow electrical control of the charge state, as displayed in Fig. 1(d) [30] [31] [32] .
Mechanical resonators are defined using electron beam lithography and an inductively coupled plasma etch. These structures are undercut with hydrofluoric acid that etches away the Al 0.7 Ga 0.3 As layer, leaving suspended mechanical resonators, as shown in Fig. 1(a) . Tuning forks are fabricated, but here we only make use of the lowest cantilever mode in which the entire tuning fork flexes up and down along the growth axis. For this reason we refer to these structures as cantilevers. The total length of the cantilevers is 8 μm, the width is either 1 or 1.5 μm, and the thickness is 180 nm. The lowest mechanical resonance is at 1.35 MHz (1 μm width) or 1.4 MHz (1.5 μm width). Figure 1 (b) displays a map of the strain ϵ yy at the depth of the QDs in a 1 μm wide cantilever, calculated using a finite element model. The calculated resonance frequency is 1.2 MHz, and the strain is clearly concentrated near the clamping point.
The strain is zero within the middle plane, so the QDs are grown 30 nm below the center.
In our experiments the mechanical resonances are measured by optically driving the suspended structure with an amplitude modulated laser at ∼920 nm, focused near the clamped end, while measuring the displacement using the reflectance of a 2nd laser at 940 or 950 nm, focused near the free end [17] . The drive laser generates a local, optically induced strain that results in vibration of the cantilever when the modulation frequency matches the mechanical resonance. The vibrations modulate the probe laser reflectivity by changing the degree of interference between reflections from the cantilever and substrate [32] . Figure 1 (c) displays the reflected probe laser signal as a function of the modulation frequency for a 1 μm width cantilever driven with 0.5 μW, showing a resonance at 1.416 MHz and a Q of 10 800. From a model of the cantilever reflectivity [32] , we estimate AE160 nm displacement at the end of the cantilever for 30-40 μW drive power. Based on the finite element model, this corresponds to inplane strain amplitude ϵ yy of 2.1 × 10 −4 at the QD depth near the clamped end.
The effect of the mechanical vibrations on QDs is measured through low temperature (4-5 K) PL, with a PL laser at 923.5 nm replacing the reflectivity probe laser. The sample bias is set to charge the QD with a single electron. At zero magnetic field, where the spin states are degenerate, only one transition is present, and the effect of mechanical vibrations on the optical transition is measured. In Fig. 1 (e) the PL spectrum of a QD near the clamped end of the resonator is measured as a function of modulation frequency for an average drive laser power of 30 μW. At the mechanical resonance the emission line is strongly broadened as it shifts back and forth by more than AE300 μeV.
The effect of the vibration-induced strain on the spin properties of the QD is measured by applying a magnetic field and performing time-resolved PL synchronized to the drive laser. The energy levels of a QD charged with a single electron are shown in the inset of Fig. 2(a) . The two ground states are split by the electron Zeeman energy, E e . In the optically excited charged exciton (X − ) states, with an additional electron and a heavy hole, the two electrons are in a singlet state, so the energy separation is determined by the heavy hole Zeeman energy, E h . In a magnetic field applied perpendicular to the growth axis, all four optical transitions are allowed, with diagonal and vertical transitions having opposite linear polarizations. Figure 2 (a) shows the variation in QD emission energies vs time with B y ¼ 6 T (Voigt field) when resonantly driving the cantilever with 30 μW average power and exciting PL with 5 μW. The data are obtained by sending PL through a scanning Fabry-Perot interferometer (FPI) with 1.5 μeV resolution, followed by a 750 mm grating spectrometer, before being detected by a silicon single photon counting module (SPCM). Time-correlated photon counting is performed at each emission energy, using the drive laser modulation as a reference. All four lines are visibly shifting with an average of ΔE X ¼ AE281 μeV, with the outer transitions much brighter than the inner. The difference in brightness is due to polarization selection rules and the fact that the cantilever couples out light polarized along y more efficiently at this position. Figure 2 (b) displays the emission spectra at the times of maximum and minimum energies in the oscillation cycle. The energy differences between emission lines and the linewidths change significantly during the motion of the cantilever. The change in linewidth and emission intensity is attributed to changes in the stability of the charge state, which is affected by strain-induced shifts in the electron and hole confinement energies [20] . The changes in energy differences are due to strain-induced changes of Zeeman energies. The electron Zeeman energy jE e j is obtained from the energy difference between lines 1 and 3 or 2 and 4, and the hole Zeeman energy jE h j is obtained from the energy difference between lines 1 and 2 or 3 and 4. (The signs of E e and E h are not determined.) These energies are obtained from fits to the data at each time in Fig. 2(a) and averaged with two other data sets taken under the same conditions. The results are plotted for electrons and holes in Fig. 2(c) , showing a strong change in the hole Zeeman energy, ΔE h of AE10.9 μeV out of 40 μeV and no discernable change in the electron Zeeman energy, ΔE e . With an estimated strain amplitude of 2.1 × 10 −4 , the coupling of the optical transitions to strain is 1.34 eV=strain (324 THz=strain), and the coupling of the hole spin to strain in this QD is 52 meV=strain (12.5 THz=strain). These measurements have been performed for a series of magnetic fields from 2 T to 6.75 T, which show a linear dependence of ΔE h on the magnetic field (not shown). Measurements on a different QD-cantilever system for drive laser powers from 20 to 40 μW are consistent with ΔE h having a linear dependence on strain [32] . The sign of the coupling is not clear from the measurements, due to difficulties in determining the sign of the displacement.
The response of spin states to the motion-induced strain has been measured for 8 QDs, embedded in cantilevers at similar positions. The static value of jE e j is quite similar for all QDs with an average of 152 μeV, but jE h j varies from 22-115 μeV. This large variation of the hole Zeeman splitting for an in-plane field has been measured previously [35] and can be attributed to a strong sensitivity to the size, shape, composition, and strain of the QD [25, [36] [37] [38] [39] . The emission spectra of two particular QDs in different cantilevers are displayed in Figs. 3(a) and 3(b), which have quite different values of jE h j, 29 μeV, and 115 μeV. The emission intensity of the inner and outer transitions are reversed between these QDs, either due to different polarization axes for the QDs or a change in the sign of E h . Figure 3 (c) displays jE h j for both QDs as a function of time while driving the mechanical resonances. The oscillations of jE h j are roughly 180°out of phase, and the QD with higher jE h j has about half the amplitude. No clear oscillations in jE e j were detected for either QD.
The amplitude of the shifts in the transition energies ΔE X vary from 192 to 327 μeV for the 8 QDs, which we attribute to different lateral positions of QDs, different vibration amplitudes, and differences in QD strain coupling. The QDs measured are all near the cantilever clamping point but the exact position can vary within 1-2 μm. There are also differences in the cantilever sizes and in the exact position of the drive laser on the cantilever that modify the vibration amplitude. In order to compare the amplitude of ΔE h for different QDs, we divide ΔE h by ΔE X and plot this value as a function of jE h j for each QD in Fig. 3(d ). There appears to be a decrease in the amplitude with higher jE h j that indicates that the hole spin strain coupling is somewhat weaker with higher Zeeman energies.
Another interesting observation is that for some QDs ΔE h and ΔE X are in phase (closed circles) and for other QDs they are out of phase (open circles). For example, ΔE h and ΔE X shift in phase for the QDs in Figs. 2(a) and 3(a) but shift out of phase for the QD in Fig. 3(b) . Assuming that the sign of the strain coupling for ΔE X is the same for all QDs, this means that the hole spin strain coupling has opposite signs for different QDs. The four QDs that shift in phase (out of phase) have stronger emission from the outer (inner) transitions.
We use an atomistic tight binding theory to calculate the electron and hole spin properties and their coupling to strain. The tight binding theory includes nearest-neighbor hopping, strain from lattice mismatch in a valence forcefield model, piezoelectric effects, and atomic spin-orbit interaction [18] . The effects of alloy randomness are determined by considering different randomly chosen configurations of In and Ga atoms in the QD. We obtain strain couplings for the hole spins that are the same order of magnitude as those obtained experimentally, with significant variation from one QD to another for different alloy configurations, including changes in the sign of the coupling. Moreover, strain coupling of the electron spins is significantly lower than that of holes, by roughly a factor of 3-4, which is sometimes below experimental limits. Because of strong spin-orbit coupling, the hole spin tends to be locked to the orbital angular momentum which, because of the large hole-effective mass and the resulting strong confinement, is locked to the QD geometry and local variations due to the alloy configuration. The hole spin prefers to be locked to the QD growth axis (vertical). In a Voigt field, the hole spin at each lattice site is close to vertically aligned, but variations from site to site cancel the vertical component, giving a total spin oriented closer to the in-plane magnetic field. The applied strain can increase or decrease hole spin locking by changing the balance of these competing effects. This changes the degree of alignment with the magnetic field, which changes the Zeeman splitting. This strain coupling is particularly sensitive to the spatial distribution of In and Ga atoms and the size and shape of the QD, as is the hole Zeeman energy. In any QD sample there will be significant variations in these properties from one QD to another, so this result is consistent with the experimental variations in strain-induced shifts. For Faraday fields, the strain coupling is similar, but the hole spin is already well aligned to the magnetic field, and the large Zeeman splitting means the fractional strain-induced change is smaller. This is consistent with recent experiments on QDs [24] , which inferred a hole spin coupling of ∼10 THz=strain for a Faraday field and a small (∼1%) fractional change in the Zeeman splitting. The electron spin is already well aligned to the magnetic field for Voigt and Faraday fields because of its weak spin-orbit coupling, so the applied strain has little effect on electron spin alignment.
While the coupling of the hole spin to strain is stronger than for the electron spin, it is still much weaker (1%-4%) than that of the optical transitions. However, the hole spin coherence time can be up to about 1 μs [26, 28, 29] compared to an optical coherence time of less than 1 ns. This means that the hole spin can be much more sensitive to strain than the optical transitions. These current experiments using optically excited holes do not take advantage of the longer spin coherence time. With a resident hole, we can use Raman spin flip spectroscopy [40] [41] [42] , in which the emission line can be as sharp as the spin transition, or Ramsey fringe techniques [26, 27, 43] , to measure much smaller changes in the spin splitting.
The coupling of the hole spin to a single quantum of mechanical motion, g 0 , is about 2 kHz in this cantilever [32] . While this value is small, it compares well to other quantum systems using strain-based coupling to spin, such as defects, which have spin-strain couplings that are orders of magnitude weaker [9, 44, 45] . While the hole spin g 0 is much less than the decoherence rate of the hole spin, scaling down the dimensions of the mechanical resonator will increase the strain of a single quantum of motion [9, 12, 46] . Reducing the length and width of cantilevers by a factor of 10 should increase g 0 by a factor of 100, approaching single phonon sensitivity. The results presented here indicate that hybrid spin mechanical systems based on hole spins combine strong spin-strain coupling with long coherence times, making it a promising system for quantum sensing [47, 48] , for coupling multiple quantum systems [5, 6] , and for accessing the quantum limits of motion.
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